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Childhood cancer survivors (CCSs) often experience impaired glucose tolerance and hypertriglyceridemia as late complications of hematopoietic stem cell transplantation due to total-body irradiation performed during childhood. These patients typically do not have a history of obesity, and they exhibit high-grade insulin resistance, fatty liver, and high mortality from cardiovascular disease [1] . Therefore, such cases are considered to be acquired incomplete lipodystrophy, which is thought to be associated with total-body irradiation and hematopoietic stem cell transplantation [2] .
Metreleptin is a recombinant leptin analog and is the only drug indicated specifically for treatment of lipodystrophy, although various therapies are used to treat the related comorbid conditions. Metreleptin has various beneficial effects on metabolic disorders in patients with generalized and incomplete lipodystrophy, particularly those with severe metabolic disorders or low leptin levels [3, 4] . Thus, metreleptin is indicated for treating the complications of leptin deficiency in patients with generalized lipodystrophy [2, 4] . However, the administration of metreleptin as a supplement in patients with incomplete lipodystrophy has not been reported.
We encountered a patient who developed acquired incomplete lipodystrophy, likely caused by total-body irradiation and allogeneic stem-cell transplantation for lymphocytic leukemia. Metreleptin supplementation improved the patient's metabolic disorders and vitality, despite her lipodystrophy-associated long-term diabetes mellitus and hypertriglyceridemia with marked insulin insensitivity. This case suggests that recombinant leptin supplementation might improve the prognosis and quality of life for CCSs with occult incomplete lipodystrophy.
All procedures performed for this patient complied with the ethical standards of the Institutional Review Board of the Kurume University School of Medicine and the 2013 Declaration of Helsinki. The Ethics Committee of Kurume University Hospital approved this report (2019-013), and the patient provided informed consent.
Case Presentation
A 24-year-old Japanese woman with hypertriglyceridemia and diabetes mellitus was admitted to our endocrinology center. She had developed acute lymphocytic leukemia at 3 years of age. The treatment involved chemotherapy and total-body irradiation as preparation for allogeneic stem-cell transplantation at 6 years of age. Chronic graft-versus-host disease against the skin and liver developed at 1 month after transplantation, and the patient was treated with prednisolone plus cyclosporine A, followed by mycophenolate mofetil. However, chronic graft-versus-host disease re-emerged at age 11 years as membrane nephropathy, which led to a treatment change from mycophenolate mofetil to prednisolone plus cyclosporine A. She had been receiving insulin (70 U/day in multiple injections) for diabetes mellitus diagnosed at age 11 years. Her hemoglobin A1c and serum triglyceride levels were .10% and .5000 mg/dL, respectively. Treatment with fibrate and pioglitazone was not effective. Her clinical course is shown in an online repository [5] .
The laboratory findings before and after metreleptin supplementation are shown in Table 1 . Diabetes mellitus with disturbed insulin sensitivity was confirmed on the basis of a low glucose infusion rate of 2.1 mg/kg/min (,5.7 mg/kg/min indicates insulin resistance) as per the euglycemic/hyperinsulinemic glucose clamp method with an insulin infusion dose of 40 mU/m 2 /min. Although high serum triglyceride levels were detected throughout the day, regardless of dietary intake, her lipoprotein lipase (LPL) activity and apolipoprotein levels were normal. We also detected a high level of free fatty acids, a low adiponectin level, and a low-normal leptin level. The negative results for anti-islet antibodies and other endocrinological examinations are shown in Table 1 and an online repository [5] . Ultrasonography and MRI revealed a fatty liver and intramuscular fat [5] . CT and MRI did not reveal abnormalities in the buttock or thigh subcutaneous fat [5] . Her blood glucose was not controlled with use of insulin, 70 U/d; metformin, 1000 mg/d; and pioglitazone, 15 mg/d [5] .
We initiated metreleptin administration on 20 April 2018, when the patient was 24 years old [5] . Metreleptin administration (initially 0.04 mg/kg daily for 1 week, then 0.08 mg/kg daily subcutaneous injections) immediately regulated her appetite and reduced her food intake. An examination 1 month after the start of metreleptin supplementation revealed remarkable improvements in her serum lipid profile and vitality (Table 1) . She also exhibited reductions in her VLDL cholesterol and intermediate-density lipoprotein (IDL) cholesterol levels, with an increase in LDL cholesterol levels (Fig. 1 ). After 6 months, insulin sensitivity in the skeletal muscle had improved, based on a glucose infusion rate of 3.8 mg/kg/min, and her blood glucose was controlled without insulin (Table 1 ) [5] . The patient is actively working to maintain satisfactory glucose and lipid metabolism.
Discussion
In the present case, we observed a change in the patient's lipoprotein profile after the start of metreleptin supplementation, with reductions in serum triglycerides, VLDL cholesterol, and IDL cholesterol and elevation of the LDL cholesterol fraction. Severe hypertriglyceridemia has been reported in leptin-deficient humans and animals [6] , and recombinant leptin replacement reduces plasma and liver levels of triglycerides in patients with generalized lipodystrophy [4] . Reduced fat storage capacity in patients with lipodystrophy and various adipokine deficiencies can lead to VLDL cholesterol overproduction, which manifests as elevated free fatty acid and triglyceride levels [7] . In addition, hyperglycemia and VLDL cholesterol overproduction reduce LPL activity, which explains why lipoprotein fraction abnormalities are observed in patients with generalized lipodystrophy [7] . There are three plausible explanations for how leptin supplementation could improve lipoprotein and triglyceride profiles in patients with partial lipodystrophy. First, high serum triglyceride levels might indicate reduced leptin activity, similar to generalized lipodystrophy. Second, leptin may activate residual brown adipose tissue via the central nervous system [8] , which could promote LPL activity and plasma triglyceride clearance. Third, leptin activity may be reduced in atrophic fat tissue after radiation therapy [9] , as systemic irradiation therapy can induce abnormalities in adipose tissue differentiation from mesenchymal stem cells [10] . Metreleptin may improve glycemic metabolism in patients with partial lipodystrophy as well as generalized lipodystrophy with undetectable leptin levels [3, 4] . The amelioration of lipotoxicity related to lipid overload via changes in the serum triglyceride and lipoprotein profiles, as well as via reduced lipid accumulation in the liver and muscle tissues, might be a plausible explanation [7] . Furthermore, leptin administration has been shown to increase adenosine monophosphate activated protein kinase (AMPK) activity and significantly reduce triglyceride contents in the liver and skeletal muscle using a lipodystrophy mouse model, which involved low AMPK activity and high fat accumulation in liver. Thus, metreleptin supplementation might improve glucose metabolism and insulin sensitivity by upregulating AMPK activity in a manner distinct from that of metformin [7] , even in patients with incomplete lipodystrophy. Therefore, physicians should consider lipodystrophy-related insulin resistance in these cases, although reduced insulin secretion is another essential cause of glucose intolerance.
In conclusion, we encountered a patient with acquired incomplete lipodystrophy that was likely related to total-body irradiation. Metreleptin supplementation improved her serum triglyceride and lipoprotein profiles, with reductions in the VLDL and IDL cholesterol fractions. Furthermore, metreleptin supplementation ameliorated the disturbed insulin sensitivity. These findings suggest that metreleptin supplementation may be a useful alternative therapy for improving metabolic disorders in CCSs. 
